Synopsis Many marine invertebrates are able to regenerate lost tissue following injury, but regeneration can come at a cost to individuals in terms of reproduction, behavior and physiological condition, and can have effects that reach beyond the individual to impact populations, communities, and ecosystems. For example, removal and subsequent regeneration of clams' siphons, polychaetes' segments, and brittlestars' arms can represent significant energetic input to higher trophic levels. In marine soft-sediment habitats, injury changes infaunal bioturbation rates and thus secondarily influences sediment-mediated competition, adult-larval interactions, and recruitment success. The importance of injury and regeneration as factors affecting the ecology of marine invertebrate communities depends on the frequency of injury, as well as on individual capacity for, and speed of, regeneration. A key question to answer is: ''How frequently are marine benthic invertebrates injured?'' Here, I review the sources and the frequencies of injury in a variety of marine invertebrates from different benthic habitats, discuss challenges, and approaches for accurately determining injury rates in the field, consider evidence for species-specific, temporal and geographic variation in injury rates, and present examples of indirect effects of injury on marine invertebrates to illustrate how injury and regeneration can modify larger-scale ecological patterns and processes.
Introduction
As on land, many organisms in the ocean experience injury with varying frequency and to different degrees. For example, injuries can range from relatively minor events (e.g., loss of scales by fish, flesh wounds caused by unsuccessful predatory attacks, or activities of humans) to more significant events (e.g., loss of limbs, shark finning) that can be more costly or even lethal. Recovery from injury also varies in degree, from simple wound healing to complete regeneration of missing body parts. The ability to regenerate injured or lost body parts varies widely among metazoans (Sanchez Alvarado 2000; Bely and Nyberg 2010) and the reasons for this variation have been the focus of decades of study. In a recent review of research on animal regeneration, Bely and Nyberg (2010) considered two broad evolutionary questions: how is ability to regenerate maintained? and why/how might it be lost? They discuss several mechanisms that might maintain ability to regenerate, including pleiotropy, phylogenetic inertia, and the hypothesis that regeneration ability is adaptive and maintained by selection. The latter hypothesis carries with it an explicit expectation that tissue loss (injury) is frequent, and that regeneration is ecologically relevant. Conversely, if loss of tissue is uncommon in the field, and lost structures are not important or ecologically relevant, the ability to regenerate might be lost (Bely and Nyberg 2010) . Thus, in order to answer the larger evolutionary questions it is important to know the frequency with which organisms are injured in the field, and the ecological relevance of injury and regeneration.
The occurrence of injury and regeneration (but not always the frequency) has been documented for a great diversity of marine benthic invertebrates, and often investigated in the context of sublethal predation. For example, sponges, corals and other colonial animals living on hard surfaces are often only partially eaten by their predators (Harvell 1984; Harvell and Suchanek 1987; Henry and Hart 2005) and many infauna lose body parts (e.g., polychaetes' feeding tentacles or posterior segments, brittlestars' arms, clams' siphons) exposed above the surface of the sediment to predators (Woodin 1982; Clavier 1984; Stancyk et al. 1994a; Ansell et al. 1999; Tomiyama and Ito 2006) . Such nonlethal losses of tissue can represent a significant energetic input to higher levels of the food web (De Vlas 1985; Coen and Heck 1991; PapeLindstrom et al. 1997; Stehlik and Meise 2000; Pomory and Lawrence 2001; Tomiyama et al. 2007) . Although many marine benthic invertebrates regenerate lost tissue over time, injury can decrease growth rate (De Vlas 1979b; Davis 1981; Coen and Heck 1991; Kamermans and Huitema 1994; Meesters et al. 1994 ) and reproduction (Zajac 1985 (Zajac , 1995 Pomory and Lawrence 1991) , and change feeding behavior or efficiency Woodin 1992, 1995; Juanes and Smith 1995; Lindsay et al. 2008; Peterson and Skilleter 1994; Ramsay et al. 2001) . In marine soft-sediment habitats, changes in feeding behavior can secondarily affect the rates at which organisms disturb sediments (Woodin 1984; . Because such disturbances mediate competition and recruitment dynamics in marine soft-sediment habitats Wethey et al. 2001) , injury can have an immediate impact on the organism losing tissue and secondarily on the surrounding community.
Predation is not the only cause of injury and subsequently, regeneration among marine benthic invertebrates; others include defensive autotomy, cannibalism, competitive interactions, asexual reproduction, abiotic physical disturbance, and human activities such as bottom trawling. According to many reports in the literature, injury and regeneration in marine invertebrates are ''common,'' ''frequent,'' ''widespread,'' and ''ubiquitous'' but such characterizations are not always accompanied by field surveys of injury, nor is the relative frequency of injury due to predators versus other sources always known. Moreover, studies that assess rates of injury in the field are often snapshots, with injury rates estimated over short periods of time and at only a few locations, although it is reasonable to expect temporal and spatial variation in injury. Similarly, accurate estimates of rates of injury may be obscured if the sampling intervals are too long because recent injury may be masked by rapid regeneration (e.g., Hentschel and Harper 2006) . Because the importance of injury and regeneration in the ecology of marine invertebrates depends on the frequency of injury and the speed with which individuals recover, this review focuses on describing the sources and frequencies of injury in a variety of marine invertebrates from different benthic habitats. In surveying the literature, I have searched specifically for papers that report estimates of rates of injury/regeneration in natural populations rather than merely reporting that injury and regeneration occur. The prevalence of regeneration has been reviewed recently by Fleming and colleagues (2007) and Bely (2006) , who considered the incidence of autotomy among invertebrates and anterior regeneration in polychaetes, respectively. Similarly, many informative studies examining the effects of injury and regeneration on growth, reproduction and behavior of marine invertebrates are outside the scope of this review (see reviews by Juanes and Smith 1995; Lawrence and Vasquez 1996; Henry and Hart 2005) . Instead, the questions that guide this review include: How variable are injury rates among taxa? What are the sources of injury? Is there evidence for species-specific, temporal and geographic variation in injury rates? What are the challenges associated with accurately determining injury rates in field studies, and how might we address them? Finally, given these reported frequencies of injury, how might injury and regeneration affect larger-scale ecological patterns and processes?
Injury is frequent but variable
Frequencies of injuries were obtained from 105 studies examining more than 230 marine benthic invertebrate species and these results are summarized for major taxonomic groups in Table 1 (studies cited in  Table 2 ); species-specific data are provided in Supplementary Material 1. If the minimum and maximum incidences of injury are averaged across all taxa, types of injury, and records (i.e., each reported estimate of the incidence of injury for a given species), the proportion of injured individuals in marine benthic invertebrate populations ranged from 33% to 47%. This rate seems to justify the characterization of injury as ''common'' for marine benthic invertebrates as a rule, but masks considerable taxonomic, temporal, and spatial variability. For example, crinoid and ophiuroid echinoderms appear to be injured more frequently than other taxa. On average, the minimum proportion of injured crinoids or ophiuroids observed in populations was 56% and 62%, respectively (Table 1) . In contrast, the average maximum incidence of injury reported for asteroid echinoderms was 47% (Table 1) . The maximum proportion of individuals injured in crinoids and Related types of injury (i.e., arm loss, arm regeneration, arm tip damage) are grouped into the most common types for each taxonomic group. Except as noted for Asteroidea and Ophiuroidea, incidence of injury is reported as percent of individuals that were injured. Species, number of species; Studies, number of studies; Records, number of recorded estimates of the incidence of injury for a given taxon (i.e., the sample size when averaging across records); Min, absolute minimum reported estimate of the incidence of injury for a taxon; Max, absolute maximum reported estimate of the incidence of injury for a taxon; Avg. Min, average minimum estimate of incidence of injury; Avg. Max, average maximum estimate of incidence of injury; SE, standard error. For source of injury, P, Predation; N, Natural processes; H, Humans' activities (e.g., fishing, diving, trawling); D, physical disturbance (e.g., hurricane, hydrodynamics, abrasion). Records that reported only a single estimate of the incidence of injury in a population were included in the calculations of average minimum and average maximum incidences; the reported value was counted as both the minimum and the maximum for that record. Data were obtained from 105 studies reporting the incidence of injury in more than 230 species. The full species-specific data set is provided in Supplementary Table 1 . The studies cited for each taxon are listed in Table 2 .
ophiuroid populations was also greater than for most other taxa, with reports of 95-100% of individuals observed with injured arms in 4 of 24 crinoid records and 5 of 35 ophiuroid records. For both groups, arm injury is significantly more prevalent than injury of the visceral mass (average 4.1% of crinoids damaged) or central disc (average 10-29% of ophiuroids damaged) ( Table 1) . Incidence of injury to arms varied with life habit for both crinoids and ophiuroids. For example, on the Great Barrier Reef, the average proportion of individuals with regenerating arms was two times greater for crinoids living exposed on the reef surface compared to those living in semi-cryptic and cryptic habitats (Mean AE SE: 50.7 AE 8.7 exposed versus 28.0 AE 2.8 semi-cryptic and cryptic, t-test, P ¼ 0.05; data from Meyer 1985) . In contrast, for ophiuroids in European seas, burrowing in the sediments was not associated with reduced incidence of injury (Sköld and Rosenberg 1996) . In fact, the opposite was true: the proportion of injured arms among infaunal ophiuroids was nearly twice that for Niesen 1973; Viviani 1978; Hopkins et al. 1990; Bingham et al. 2000; Marrs et al. 2000; Pomory and Lares 2000; Ramsay et al. 2001 Ophiuroidea Buchanan 1964 Martin 1968; Singletary 1970; Lee and Lee 1978; Emson and Wilkie 1980; Singletary 1980; Bowmer and Keegan 1983; Duineveld and Van Noort 1986; Aronson 1987; Hendler and Turner 1987; Sides 1987; Aronson 1989; Alva and Jangoux 1990; Aronson 1991; Fujita 1992; Munday 1993; Bourgoin and Guillou 1994; Clements et al. 1994; Stancyk et al. 1994; Skö ld and Rosenberg 1996; Stewart 1996; Freese et al. 1999; Packer et al. 1994; Pomory and Lawrence 2001; Metaxas and Giffin 2004; Brooks et al. 2007 Crinoidea Mladenov 1983 Meyer 1985; Meyer and Oji 1993; Oji and Okamoto 1994; Schneider 1988; Vail 1989 Echinoidea Birkeland and Chia 1971
Arthropoda: Crustacea: Needham 1953; Sheader 1998 Decapoda Cleaver 1949 Needham 1953; Waldron 1958; Kurata 1963; Niwa and Kurata 1964; Edwards 1972; Scarrat 1973; Krouse 1976; McVean 1976; Briggs and Mushacke 1979; McVean and Findlay 1979; Briggs and Mushacke 1980; Davis 1981; Durkin et al. 1984; Sekkelsten 1988; Shirley and Shirley 1988; Spivak and Politis 1989; Juanes and Hartwick 1990; Smith and Hines 1991; Abello et al. 1994; Mathews et al. 1999 Yoshioka and Yoshioka 1991; Bavestrello et al. 1997; Freese et al. 1999 Anthozoa: Zoantharia: Scleractinia Woodley et al. 1981; Hughes and Jackson 1985; Done 1987 , Meesters et al. 1996 Cumming 2002 Hydrozoa: Henry and Kenchington 1994
Amphipoda
Porifera: Woodley et al. 1981; Freese et al. 1999; Wulff 2006 Species-specific citations are provided in Supplementary Material 1.
epibenthic species (percent of arms regenerating, Mean AE SE: 80.9 AE 5.3 for infaunal species versus 44.8 AE 5.8 for epibenthic species, t-test P50.001, data from Sköld and Rosenberg 1996) . Few studies have examined the incidence of injury among ophiuroids living on the continental slope or in the deep sea, and the available data available do not suggest a consistent pattern of injury among deep-sea ophiuroids. For example, Metaxas and Griffin (2004) observed 53.8% of Ophiacantha abyssicola with regenerating arms in collections from dense aggregations on the continental slope off Nova Scotia. In contrast, Brooks et al. (2007) Compared to crinoids and ophiuroids, arm injury appears to be less common for asteroid echinoderms, with an average of 17-44% injury reported (maximum 69%, Table 1), and the incidence of injury has been reported for many fewer species (Supplementary Material 1). With limited data, it is difficult to draw generalizations about how the injury of arms in asteroids is related to depth, habitat or behavior. Marrs et al. (2000) compared the incidence of injury among Asterias rubens populations from intertidal and subtidal sites in Scotland and Sweden and found no significant difference in the proportion of individuals with injured arms. They did observe an inverse relationship between body size and incidence of injury in A. rubens, such that larger sea stars were more likely to be injured regardless of their geography, but noted that this pattern does not necessarily hold for all species (Marrs et al. 2000) .
Although injury and regeneration have been reported for echinoid and holothuroid echinoderms (Lawrence and Vasquez 1996) , surveys of the frequency of injury are few ( Material 1) . Among male C. maenas, the incidence of missing or regenerating chelae increased with body size (Sekkelsten 1988) . Sheader (1988) observed a similar pattern for the amphipod, Ampelisca tenuicornis; large amphipods were injured more frequently than were smaller amphipods, and large males were the most frequently injured (82% with tanned wounds on appendages).
Bivalve molluscs also frequently lose their feeding appendages, but relatively few studies report frequencies of individuals with injured or regenerating siphons (Table 1 and Supplementary Material 1). The relatively low frequency of siphon injury reported here (averaging $7-16%) is almost certainly an underestimate. For example, DeVlas (1985) monitored condition of the siphon in Macoma balthica and concluded that individual clams ''will have lost an average of several siphon tips per day.'' Similarly, Sasaki and colleagues (2002) reported that individual Nuttalia olivacea experience injury to the siphon 6 to $26 times over the spring and summer. These observations emphasize the repeated nature of siphon loss for tellinacean bivalves. More recent studies of bivalves have examined the incidence of foot injury (Salas et al. 2001; Mouritsen and Poulin 2003) , which was experienced on average by 3.5-28% of individuals of five species ( Similar to the bivalves, there are relatively few censuses of injury to polychaetes even though many species are able to regenerate lost tissue (Bely 2006) . As seen for the echinoderms, injury rates tended to vary by structure within a taxon. For example, arenicolid and maldanid polychaetes (i.e., Scolecida in Table 1 , Supplementary Material 1) live head-down in the sediment, exposing posterior segments to defecate, and on average 24-45% of individuals experienced injury to the posterior segment, compared to an average of 7-10% experiencing anterior segment loss. In contrast, onuphid, spionid, and sabellid polychaetes (i.e., Palpata in Table 1 , Supplementary Material 1) live head-up in their tubes, and loss of anterior appendages or structures was more frequent for these taxa (on average 26 to $40% injured) than for the Scolecida. Within the Palpata, injury to the posterior segment was just as frequent as to the anterior one (averaging 23-61% injured). Such patterns might be due to differences in abundance of predators, in the cost associated with regenerating lost structures, or in ability to regenerate.
Censuses of injury in corals and sponges have included the most species, and incidence of injury was similar among these taxa, on average ranging from $35% to 59% for gorgonaceans, from 21% to 56% for scleractinians, and from 35% to 59% for sponges (Table 1, Supplementary Material 1). Among scleractinian corals, the incidence of injury appears to vary among different colony growth forms. For example, Cumming (2002) censused tissue injury in branching corals at Lizard Island on the Great Barrier Reef every 3-5 months for 2 years and found that aborescent Acropora colonies were nearly three times as likely to be injured (averaging $14% with tissue injury) than were colonies with more closely packed branches (i.e., hispidose Acropora spp., corymbose Acropora spp., and ''bushy'' pocilloporid colonies, averaging $5% with tissue injury for each group). Among corals censused on the coast of Curaçao (Meesters et al. 1996) , incidence of tissue injury was significantly greater for the branching species Acropora palmata (68% of colonies damaged) than for the massive species Diploria strigosa or Porites astreoides (37 and 20% damaged). Following Hurricane Allen, Wulff (2006) censused injury and recovery of 67 species of sponges in Discovery Bay, Jamaica, finding differences in the amount and type of damage associated with sponges of various morphologies as well as in their capacity to recover. Encrusting sponges were injured the least but tended to be battered or macerated while erect branching sponges had the highest incidence of ''serious'' injury, which was primarily due to being broken off. In all the growth forms censused, sponges that experienced serious injury were less likely to recover than those that experienced only minor injury (Wulff 2006) .
In contrast to the sea stars, decapod, and amphipod crustaceans, polychaetes, bivalve molluscs, corals, and sponges, surveys of injury in brachiopods, hydroids, isopods, stomatopods, gastropods (nudibranchs), and echinoids are clearly underrepresented in this survey (Supplementary Material 1) , and the generality of the injury rates reported is not known. For example, Miller and Byrne (2000) estimated that 90-100% of nudibranchs Phidiana crassicornis in two populations had injured cerata, but this estimate is based on samples of only 10 individuals from each of two sites. Additional sampling will be required to confirm whether ceratal injury in P. crassicornis occurs at this high frequency, as well as whether other nudibranch species experience similar rates of injury. Although sublethal predation on colonies has been reported for bryozoans (e.g., Harvell 1992; Iyengar and Harvell 2002; Lidgard 2008) , I found no studies that reported how frequently colonies are injured. The frequency of injury in these underrepresented groups warrants further investigation.
Predation is a common cause of injury
The source of injury was specifically identified in 133 out of 214 records included in this survey. In this subgroup, injury was attributed to predation in 76% of the records, and to humans' activity, physical damage, or other natural causes in 10, 8, and 6% of records, respectively. Non-lethal predation on marine benthic invertebrates has been documented principally by caging studies, direct observation of attacks, or analysis of the gut contents of potential predators. For example, Clavier (1984) and DeVlas (1979b) observed significantly lower frequencies of posteriorsegment loss in maldanid and arenicolid polychaetes that were protected from epibenthic predation. Analyses of diet have demonstrated the abundance of polychaete segments or feeding appendages and bivalve siphons in the guts of juvenile flatfish (e.g., DeVlas 1979a DeVlas , 1985 Tomiyama et al. 2005 Tomiyama et al. , 2007 . Pape-Lindstrom et al. (1997) combined field measurements of arm loss in the ophiuroid Microphiopholis gracillima with immunochemical identification of predators and found that shrimp and blue crabs were the principal predators on ophiuroid arms, with an average daily loss of 20 mm of arm tissue per individual. Meyer (1985) attributed crinoid injury to predatory fish and Cumming (2002) found corallivorous gastropods associated with 40% of injured corals. For most decapod crustaceans, loss of limbs is attributed to defensive autotomy associated with predatory attacks, although very few studies explicitly measure both the incidence of autotomy and the source of injury (Juanes and Smith 1995) . In the amphipod A. tenuicornis, most injuries occurred to the feeding antennae, and Sheader (1988) attributed these injuries to small epibenthic grazing predators, estimating that individuals experienced 13-14 grazing injuries over their 12-13 month lifespan.
Humans' activity, mostly associated with trawling and fishing, was the second most cited source of injury to marine benthic invertebrates in this literature survey. Ramsay et al. (2001) compared the effects of different bottom-trawling gear on injury of Asterias rubens in the North Atlantic, and found 2-53% of individuals damaged after trawling. In comparison, Marrs et al. (2000) found that 13-33% of individual A. rubens were damaged by natural causes in untrawled areas. Injury due to bottom trawling has also been demonstrated for hydroids (Henry and Kenchington 2004) , ophiuroids and the gorgonacean Stylea sp. (Freese et al. 1999) . Intertidal harvesting can also cause damage. Ambrose et al. (1998) documented shell damage in 23% of bivalves Mya arenaria following a single baitworm-digging pass, and hand raking in intertidal cockle beds damaged undersized cockles, Cerastoderma edule ). It is not clear from either study whether smaller infaunal polychaetes are also damaged by this disturbance. Between 2% and 38% of gorgonian colonies (Paramuricea clavata) were injured by fishing gear in the Ligurian Sea (Bavestrello et al. 1997 ) and fishing lines were a significant source of damage to cauliflower coral in Hawaii (Asoh et al. 2004 ). In the Florida Keys, the incidence of injured spiny lobster, Panulirus argus, increased from 0% to 27% after only a 2-day sport-fishing mini-season (Davis 1981) .
Physical disturbance by hurricanes, abrasion and hydrodynamic disturbance is a significant source of injury for reef invertebrates, especially corals and sponges (e.g., Woodley et al. 1981; Wulff 2006) . Other natural sources of injury include competitive interactions, asexual reproduction, and programmed autotomy for growth. For example, Linnane et al. (2000) observed cheliped loss in 11-27% of juvenile lobsters, Homarus gammarus, and attributed this to agonistic encounters. Not all injury has negative effects on individuals. Asexual reproduction by fragmentation is known for a variety of benthic invertebrates. In the polychaete Pygospio elegans, new asexual regenerates are easily identified as fragments (with three to four segments) with regenerating anterior and posterior segments (S.M. Lindsay, personal observations; Gibson and Harvey 2000) . Similarly, Shibata and Oji (2003) concluded that in comatulid crinoids programmed autotomy and bifurcation regenerates two new arms, and they suggested that observations of single-arm regeneration were due to replacing injured arms. This distinction between regeneration associated with reproduction and growth versus that occurring in response to injury illustrates just one of the challenges inherent in assessing the frequency of injury in the field.
Challenges in measuring frequency of injury
In the studies surveyed here, investigators censused injury by identifying animals with missing, damaged or obviously regenerating limbs and structures. For some animals (e.g., crinoids, ophiuroids, mollusc shells), the presence of scars provides a measure of past injury; however, many organisms regenerate without retaining scars. In such cases, rapid regeneration can mask recent or past injury, and this can influence the accuracy of estimates of injury. For example, in polychaetes external scars are not visible after lost tissue has been regenerated, and researchers have, therefore, estimated the incidence of injury by counting the number of individuals with visibly regenerating segments and appendages, often at a single time. This method almost certainly underestimates the actual frequency of injury that worms sustain because it only counts those individuals that have recently lost tissue. The length of time that regenerating polychaetes remain morphologically distinct from intact worms varies. Writing about Chaetopterus variopedatus, Berrill (1928) noted that ''. . . the regenerated tissues may readily be distinguished by their white delicate nature from the coarser cream or brownish tissues of the original piece. . . . After two or three months, however, it becomes impossible to distinguish by color between regenerated and non-regenerated segments, and the total percentage of worms that have regenerated missing parts cannot be determined.'' In contrast, Hentschel and Harper (2006) showed that some spionid polychaetes regenerated lost feeding palps in as short a time as 3 days, suggesting that individuals may be cropped repeatedly and thus contribute more tissue to higher trophic levels than previously thought.
The challenge of distinguishing recent injury from past injury is not limited to soft-bodied infauna. Cumming (2002) noted that recent injury is ''detectable in corals by the lack of algae growing on the exposed skeleton. For a few days after tissue removal the skeleton remains white, before becoming discolored by settling algae. It grows progressively darker and after several weeks can be indistinguishable from injuries that may be years old.'' In the same study, Cumming found that corymbose acroporid colonies with recent and old injuries were more likely to die than were colonies with only old injuries, thus emphasizing the importance of knowing an organism's history.
An obvious solution to this challenge is to census injury more than once in a single population, and multi-year censuses can provide information on the temporal variability of injury. Unfortunately, the majority of studies included in this review examined injury on a single date, or within a single season. In addition to Cumming's (2002) 2-year study of branching corals, notable exceptions include monthly injury censuses conducted for 41 year in ophiuroids (Stancyk et al. 1994 a) , crinoids (Mladenov 1983 , although monthly data are not presented) and amphipods (Sheader 1998) . Similarly, although most of the studies included in this review censused injury at replicate sites within a local area, large-scale biogeographic patterns of injury are not well described for many benthic marine invertebrate taxa. Nonetheless, results from some studies suggest frequency of injury might vary over time and space.
Does frequency of injury vary over time and space?
Even within single year studies, results of monthly sampling reveal temporal variability in the frequency of injury for numerous marine benthic invertebrates. Stancyk et al. (1994a) found less frequent disc regeneration in a South Carolinean population of the ophiuroid Microphiopholis gracillima during the summer months, but no seasonal differences in the frequency of arm loss. DeVlas (1985) observed significant reductions in siphon condition (i.e., siphon weight/ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi body weight p ) during the late summer in the bivalve Macoma balthica. Similarly, the proportion of injured amphipods, A. tenuicornis, increased from $15 to $50% between February and July in each of 2 years (Sheader 1998) . The authors of these latter two studies attribute the observed seasonality to increases in abundance of predators. Evidence of inter-annual variability also exists. In my own censuses of spionid polychaete injury conducted at Lowes Cove, ME, USA during the spring and summer months each year since 2005, from 5% to 18% of individuals were injured in 2005 depending on species, 14-30% were injured in 2006, 2-28% were injured in 2007, and 4-42% were injured in 2008 (S.M. Lindsay, unpublished data). Smith and Hines (1991) observed significant yearly variation in the incidence of blue crabs with missing or regenerating limbs in the Rhode River, MD, USA over four summers. In contrast, Cumming (2002) observed consistent proportions of injured coral colonies across seasons and years.
Given that predation is cited as a common source of injury for marine invertebrates, and that predation pressure is reported to increase at lower latitudes (Vermeij et al. 1980; Bertness et al. 1981; Heck and Wilson 1987) , one might expect the incidence of injury to also vary with latitude. For example, if predators' success does not change with latitude, the incidence of injury should increase with increasing predation pressure. Smith and Hines (1991) compared the incidence of blue-crab limb loss in populations from the Rhode River, Upper-Mid Chesapeake Bay MD, Patuxent River MD, Lower-Mid Chesapeake Bay VA, North Inlet SC, Indian River FL and Mobile Bay AL. The incidence of injury in the Rhode River was significantly less than that in SC and FL, but not AL. There were no differences in the occurrence of limb loss in samples from the Patuxent River, lower-mid Chesapeake Bay, SC, FL or AL, providing little evidence for a latitudinal pattern in incidence of injury. Indeed, the incidence of limb loss among blue crabs in the Rhode River subestuary also showed little spatial variation (i.e., on the scale of km) over four summers of sampling (Smith and Hines 1991) . Records of the occurrence of posterior-segment regeneration in maldanid polychaetes (Clymenella spp.) on the eastern coast of North America also show no strong latitudinal gradient, although the proportion of injured worms in populations from Cape Cod and southern New England was much less than at all other sites (Table 3) . Coen and Heck (1991) also observed less frequent siphon damage in hard clams, Mercenaria mercenaria, from MA compared to populations in NJ or AL and FL. Recently, Berke et al. (2009) documented latitudinal variation in the incidence of injury to anterior appendages for the polychaete Diopatra cuprea, with significantly less frequent injury in Floridian populations compared to those from Virginia. In contrast, the occurrence of shell repair in several groups of gastropods increases from temperate regions to the tropics (Vermeij 1982) . Taken together, these studies do not suggest a strong common latitudinal gradient in injury among marine benthic invertebrates, the reasons for which may be interesting to investigate.
Spatial variation in the incidence of injury on the scale of km may also reflect the abundance of predators and other sources of injury. For example, Sköld and Rosenberg (1996) noted that epifaunal suspension-feeding brittlestars were more likely to be injured in the British Isles than in the Northern Adriatic or the Kattegat-eastern Skagerrak and concluded that this pattern was more likely due to differences in predation pressure than to trawling activity. But they also noted that it can be difficult to make comparisons among studies that use different methods and examine populations that have different densities, and are of different ages. Indeed, species-specific or geographic differences in the incidence of injury among marine invertebrates could reflect differential predation rates, but might also reflect differences in risky behavior by injured individuals, or differences in the capacity to regenerate. Commenting on the patchy distribution of injury among corals they surveyed in Discovery Bay, Jamaica, Hughes and Jackson (1995) noted that ''some colonies were killed or badly injured while their neighbors were unharmed,'' and they attributed this variability to differences among species, colony sizes, environmental factors, genetic variation, or simple chance. Distinguishing among these mechanisms remains a challenge associated with investigating the ecology of injury in marine invertebrates.
Ecology of injury in marine benthic invertebrates: why does frequency matter?
The records of seasonal and annual variability in the frequency of injury described above highlight the potential inaccuracy of estimating frequency of injuries from a single census, and this can have important implications for predicting how injury affects the ecology of these organisms. Other authors have reviewed the direct effects of injury on marine invertebrates (e.g., Juanes and Smith 1995; Lawrence and Vasquez 1996; Henry and Hart 2005) and many of the studies cited in this review (Supplementary Material 1) also contribute to that literature. For the most part, the direct effects of injury and regeneration on marine invertebrates tend to be negative, including reduced feeding, slower growth, reduced mating success, and lower fecundity. Important exceptions include regeneration associated with asexual reproduction, programmed autotomy (i.e., arm addition by comatulid crinoids [Shibata and Oji 2003] ), or replacing a failed moult. In these cases, it is not clear whether fragmentation or autotomy has the same energetic cost associated with it as would recovery from an ''unplanned'' injury inflicted by external sources. Although predominantly negative effects of injury on individuals have been well-documented, several questions remain: (1) do impacts of injury on individuals translate to effects on populations or communities? and (2) do the impacts of injury become more serious when individuals are injured repeatedly?
Experimental siphon-cropping facilitated lethal predation on the bivalve Venerupis philippinarum, but not on Protothaca staminea (Meyer and Byers 2005) , suggesting that siphon-cropping could influence population dynamics of V. philippinarum and emphasizing that responses to a single type of injury may differ among closely related taxa. Boudreau et al. (1993) observed that loss of chelipeds by lobster (Homarus americanus) postlarvae reduced settlement success and altered their habitat choices. Similarly, Calado et al. (2009) found that meagalopae of Carcinus maenas that had lost both chelipeds failed to ingest sufficient food to metamorphose Data from Mangum (1964) , Moment (1951) , and Sayles (1932 Sayles ( , 1934 .
successfully. Because population growth rates depend on recruitment these effects of injury on early life-stages could translate to reduced population growth. Several researchers have used mathematical and simulation models to explore the population-level ramifications of injury in marine invertebrates. Zajac (1995) included the effects of the loss of the posterior segment in a demographic model of the polychaete Polydora cornuta, finding that sublethal predation reduced the growth rate of the population. also used a simulation model to explore the indirect effects of injury to arenicolid polychaetes on recruitment in marine soft-sediment habitats. The model linked the frequency of injury and the changes in disturbance to the sediments by injured adults with changes in settlement by larvae and with mortality of juveniles. When segmentnipping predators were modeled, net recruitment success increased when injury rates were high. Based on the model's results, the authors predicted that when prey-nipping predators predominate in a habitat, 450% of adults would need to be regenerating before recruitment success is affected. This is well within the range of frequencies of injury reported for Arenicola marina (DeVlas 1979b). A third model was used to examine the relationship between sublethal predation, sediment disturbance, and sediment chemistry in their effects on the population dynamics of Macoma balthica and predicted enhanced recruitment of Macoma at intermediate frequencies of injury (Wethey et al. 2001) .
These three modeling studies suggest that injury can influence infaunal population dynamics, but they share an important limitation: none adequately considers the effects of repeated injury during an individual's lifetime even though repeated injury is highly likely (e.g., DeVlas 1979b DeVlas , 1985 Tomiyama et al. 2005 Tomiyama et al. , 2007 . Evidence from Cumming (2002) indicates that repeated injury increases the risk of lethal predation on corals. Hughes and Jackson (1985) found that the history of injury was an important determinant of coral colony fate. Our recent investigations suggest greater reductions in growth by maldanid polychaetes that are injured repeatedly (J.L. Page and S.M. Lindsay, unpublished data). Lawrence (this volume) proposes that the frequency of arm loss in stellate echinoderms is an important factor determining whether regeneration increases relative fitness or decreases it. These results suggest that we need to consider how repeated injury might change the risk of lethal predation as well as the allocation of energy and trade-offs between growth and reproduction.
Conclusion
This literature survey demonstrates that injury and regeneration are common events among marine benthic invertebrates, but that the frequency of injury is quite variable. Understanding the mechanisms that result in this variability, and how such variation influences the ecology of the organisms will be important for answering the larger evolutionary question of how the ability to regenerate is maintained or lost (Bely and Nyberg 2010) . Crinoid and ophiuroid echinoderms appear to experience injury more frequently than do other taxa, but even within these groups species-specific differences occur (e.g., infaunal ophiuroids more likely to be injured than epifaunal ophiuroids). Within a species or taxon, the frequency of injury varies with the structure affected (e.g., injured arms were more common than an injured visceral mass or central disc in crinoids and ophiuroids; anterior segments were less likely to be injured than posterior segments in polychaetes). Are structures that are frequently injured less costly to regenerate than structures that are injured infrequently? Among the crustaceans, frequency of injury varies with body size and gender, but not consistently across species. What mechanisms account for these relationships? Predation is a common cause of injury across all taxa, but damage by humans' activities and by physical disturbances can also be important sources of injury. Does injury by human activity change the pool of ''renewable tissue'' available to predators? As human fishing activity expands into deeper waters, one might expect injury rates to increase for species that previously have been injured only by natural processes. Do these species have the same capacity for regeneration as their shallow-water counterparts?
Some of the patterns that emerge from these collected data suggest additional areas for research on the ecology of injury and regeneration in marine benthic invertebrates. First, there are taxonomic gaps in the data; the frequency of injury has not been well studied in brachiopods, bryozoans, hydroids, isopods, stomatopods, nudibranch gastropods, or echinoids and the generality of the injury rates reported is not known. How does the frequency of injury among these taxa correspond to their ability to regenerate? Second, several studies demonstrate that frequency of injury varies over time, suggesting that estimates for a population based on a single sample should be interpreted cautiously, especially when estimating energy flow to higher trophic levels for species that are injured by predators. Third, there are few studies describing the frequency of injury on large biogeographic scales, and the available data do not suggest any common patterns across taxa. This warrants further investigation, particularly because changing oceanic environmental conditions (i.e., temperature, pH, hypoxia) may cause shifts in the abundance of predators that injure benthic invertebrates, and affect the capacity of injured individuals to regenerate. Fourth, evidence suggests that repeated injury within an individual's lifetime may be common but we lack data describing rates of injury that organisms experience over a lifetime. This highlights the need to develop methods or sampling schemes to better assess the frequency of repeated injury in animals that do not bear evidence of past injury. Furthermore, many of the studies included in this review examined the effects of one-time injury on behavior, feeding, growth, survival, or reproduction of an individual, all of which contribute to the larger-scale ecological impacts of injury such as recruitment, population growth, benthic-pelagic coupling and energy flow. Does repeated injury increase the costs associated with injury and regeneration? Or are some species tolerant of injury and able to ''overcompensate'' for repeated injury? Finally, Maginnis (2006) proposed that the evolutionary significance of regeneration is better studied by comparing the fitness consequences of regeneration in individuals that experience loss and regeneration of tissue with those that experience loss of tissue but do not regenerate it. Bely and Nyberg (2010) further suggested that such comparisons should be made for regenerating species that do not frequently experience tissue loss. The data summarized in this review (Table 1 and Supplementary Material 1) suggest that asteroid echinoderms, some polychaete species (e.g., spionids), bivalves losing foot tissue, and perhaps colonial hydroids may be good candidates for such comparisons.
